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Abstract
A new formulation of low glass transition temperature phosphate glass (Pglass) was developed to avoid degradation of, then melt blended with poly(ethylene terephthalate), (PET), in the presence of a sulfonated PET copolymer compatibilizer, providing an effective dispersion of the filler in polymer matrix.
Compression molded films were then stretched into a draw ratio of 3×3 at the polymer glass transition temperature; scanning electron microscopy confirmed that the Pglass droplets successfully transformed into platelets with high aspect ratio under the processing condition. A 20-fold reduction in oxygen permeability was obtained with oriented 20 vol% Pglass in the PET matrix. The experiment data were fitted with the Nielsen and Cussler models to extract the platelet filler aspect ratios; the fitting result also indicated that the compatibilizer was effective in bringing Pglass and PET together. Enhanced the moduli and significantly reduced ductility, typical of filled systems, were observed in this family of materials.
Introduction
Composite materials continue to attract worldwide research interest because of their unique combinations of properties, benefiting from the ductility and ease of processing of polymers, with the strength and stiffness of inorganic fillers, including particles, fibers and platelet materials. Relatively few successful, filled composites based on poly(ethylene terephthalate), PET, have been reported, despite the relative important of this polymer in the commercial world. A number of authors have reported nanoclay-modified PET as a means of producing enhanced gas barrier properties, though clay has a tendency to significantly disturb the rheology and stability of this polymer, and it is difficult to form suitable films at clay contents above about 3 wt%, probably due to component incompatibilities [1] .
The ability to load higher volumes of inorganic fillers into polymers while retaining the flexibility for film formation is a key factor of designing organic/inorganic barrier materials. Metal phosphate glasses (Pglass) have emerged as a potential filler in polymers, because of their low glass transition temperatures, stability over a wide temperature range, and ease of melt blending, as well as their ease of preparation. Prior work has shown Pglass composites to retain optical clarity and mechanical ductility, while decreasing oxygen permeability as much as fifty-fold over the starting polymers [2] .
In the present work, the successful preparation of a low glass transition temperature Pglass, its melt blending with PET, film formation and biaxial orientation, and their mechanical and gas barrier properties are reported. Proper glass formulation was found to be important to minimizing PET degradation. A sulfonated copolymer of PET was demonstrated to be an effective compatibilizer, enhancing the dispersion of Pglass droplets.
Experimental

Material
Poly(ethylene terephthalate) (PET; Eastman Chemical, Kingsport, TN) with a density of 1.39 g/cm 3 , and a PET copolymer containing 3 wt% sodium 5-sulfoisophthalate; PET-SIPE; Invista, Spartanburg, SC) with a density of 1.37g/cm 3 ,
were both obtained in the form of extruded pellets. Tin fluoride (SnF2), tin oxide (SnO), tungstic acid (H2WO4) and phosphorus pentoxide (P2O5), Aldrich, were used as received to prepare tin fluorophosphate glass (Pglass).
Glass preparation
Following a published procedure [3] , the target molar composition for Pglass with a glass transition temperature of 58° C is 7.5%SnO-75%SnF2-2.5%WO3-15%P2O5; each raw material was weighed and transferred into a carbon crucible after sufficient mixing in a 15 cm high/7 cm diameter closed jar. The crucible was placed in a Thermolyne Type 13300 muffle furnace at 450° C for 45 min. The molten glass was stirred every 10 min before quenched onto a stainless steel plate, after cooling to room temperature, the glass was annealed in the oven at approximately 85° C for 90 min and collected with a density of 4.27g/cm 3 , the Pglass was grinded into fine powder using IKA M20 Universal mill and stored in a desiccator before mixing with PET and PET-SIPE.
Batch mixing
Pglass loadings (vol%) of 5, 10, and 20%, and 20 vol% of PET-SIPE compatibilizer were added to PET to produce the composite materials. Prior to mixing, PET and PET-SIPE pellets were vacuum dried at 80° C for at least 24 hours to make sure the absorbed moisture was sufficiently removed. The composites were prepared in approximately 60g scales; the three components, PET, PET-SIPE, and Pglass were weighed and batch mixed using a Thermo-Haake Rheomix 600 batch mixer at 270° C for 8 min at a rotor speed of 60 rpm.
Compression molding
The composite material was compressed into 0.6mm films by placing them between two steel plates covered with polytetrafluoroethylene fabric (CS Hyde mechanical grade). A square spacer and a stepwise process were used during the compression molding to remove air bubbles. The temperature was set to 272° C in a Carver model 4122 press with 1 min residence time at 2000 psi pressure. After compressing, the film was removed from the press and quenched immediately by placing between two cold plates with circulating water. Films were collected from the spacer with a dimension about 50mm×50mm, then stored in a desiccator to prevent moisture absorption.
Biaxial Orientation
50mm × 50mm square specimens were marked with a grid pattern in order to measure the draw ratio, biaxial orientation was performed on Alliance RT/30 MTS testing machine with a heating chamber, the film was first uniaxially stretched at 78° C to a draw ratio of 3.5, then remounted in the grips at 90° to the first stretch and stretched again at the same temperature to achieve a balanced draw ratio of 3× 3. After orientation, the film was cooled to room temperature immediately.
Oxygen permeability
Oxygen flux at 0% relative humidity, 1 atm, and 23° C was measured with a MOCON OX-TRAN 2/21 with an oxygen concentration of 100%. Permeability was calculated from the steady flux J0 according to
where p is the oxygen pressure and is the film thickness. Three films were tested for each composition to obtain the average permeability.
Morphology analysis
Both the oriented and unoriented films were embedded in epoxy and microtomed at room temperature using a glass knife, then sputter coated with gold. The morphology was observed by a JEOL JSM-6510LV scanning electron microscope (SEM)
Differential scanning calorimetry
A TA instruments Q100 DSC was used to exam the influence of Pglass and PET-SIPE compatibilizer on the crystallization behavior of PET matrix, the experiment was complete in 3 cycles, i.e. heat-cool-heat, a heating and cooling rate of 10° C /min was used for all the 3 cycles.
Mechanical properties
An Instron model 5565 universal tester was used to evaluate the mechanical properties of the composite material. Films were cut into a dog bone shape according to ASTM-D1708 and tested under ambient temperature; four samples were tested for each composition to obtain the average value.
Results and discussion
Composite preparation
The most commonly reported metal phosphate glasses belong to the family of tin fluorophosphates (Pglass), and generally are synthesized from ammonium hydrogen phosphate and various tin, fluorine, and sometimes tungsten sources [3] .
In the present work we found that P2O5 is a more suitable phosphorus source for glasses to be incorporated with polyesters; phosphorous pentoxide-based Pglass could be successfully combined with poly(ethylene terephthalate), PET, in the melt, whereas the equivalent glass produced using ammonium hydrogen phosphate led to rapid degradation of the polymer. We hypothesize that amine by-products in that latter glass may lead to aminolysis of ester groups.
The Pglass of interest in this study was readily prepared on a 100g by scale by combining (on a weight basis) 7.5%SnO, 75%SnF2, 2.5%WO3 and 15%P2O5 in the melt 450° C for 45 min to product a translucent dark purple solid upon cooling. It has been reported that the addition of tungsten to tin-fluorophosphate glasses yields stable, homogeneous materials possessing enhanced chemical durability [3] . The glass produced in this manner exhibited a DSC Tg of 51.4° C; this value differs slightly from the published value expected, i.e. 58° C, likely due to variations on synthesis heat histories. Heat histories, and associated sublimation of reaction products, have been previously reported to play important roles in the precise glass transition temperatures obtained for Pglass materials [4] [5] [6] [7] [8] .
Composites prepared by melt blending of the above Pglass (typically 20 vol% glass)
with PET failed mechanically during biaxial orientation experiments, due to the poor interaction between filler and PET. In order to enhance the interaction between
Pglass and PET matrix, 20 vol% of a sulfonated PET polymer, PET-SIPE, was added to the system as compatibilizer. This polymer has been shown previously to effectively compatibilize PET and polyamides [9] , being miscible with PET and bearing acidic/ionic functionality from the 3 wt% sulfonation of the diacid Pglass/PET-SIPE/PET composites are shown in Fig. 1 . In these SEM images, the domain size of Pglass was dramatically reduced by the incorporation of PET-SIPE as compatibilizer, indicating an interaction much enhanced between the components, analogous to the prior work compatibilizing PET and polyamides [9] .
These composites were compression molded into films at temperatures necessary for PET processing, well above the Tg of the glass, which should then have been a low viscosity fluid under those conditions. In this context, during the compression molding, some Pglass domains would be expected to merge with each other and flow within the PET matrix, producing an irregular morphology such as is observed in Figure 1 . During the batch mixing, transesterification completely randomized PET and PET-SIPE to form a homogeneous matrix could be expected [10] , and hydrogen bonding between the polar groups on the Pglass surface and the sulfoisophthalic acid group from PET-SIPE appear to have brought about improved interfacial adhesion. As the compatibilized Pglass/PET-SIPE/PET composite exhibited much improved interfacial adhesion, the following discussion will be limited to this formulation. 
Biaxial orientation
The DSC curves (Figure 2) show a glass transition temperature at approximately 78° C for both the PET matrix and the associated PET/Pglass composites, so this temperature was chosen for orientation experiments. Composite films were preheated at 78° C for 60s, and uniaxially stretched at a strain rate of 20% min -1 . A grid pattern was marked on the film before stretching in order to measure the draw ratio. After the first orientation, the film was remount in the grips at 90° to the first stretch and stretched again at the same temperature. Previous work with sequential vs simultaneous stretching of PET samples has demonstrated that similar orientations and gas barrier results were obtained [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . A draw ratio of 3.5x was found to be optimal for the first stretch in compensate for the contraction during the second stretch, leading to an overall balanced draw ratio of 3×3 in the center region of the film; increasing the first draw to beyond 3.5x led to voiding of the film samples. SEM images (Figure 3) show that the Pglass domains can be well stretched into platelets with high aspect ratio under the strain rate of 20% min -1 .
Such stretching of Pglass domains is consistent with our earlier work using slightly maleated polypropylene as the matrix polymer [2] . composite film, draw ratio (λ) = 3 × 3.
Oxygen permeability
In the biaxially oriented films, Pglass droplets deformed into a platelet shape with an aspect ratio of α. According to Fedrickson and Bicerano [22] , for impermeable platelets dispersed perpendicular to the permeation direction, there are two models describing the permeation behavior of such system, that of Nielsen [23] 
and of Cussler [24] .
The Nielsen model is most relevant in the dilute regime where the distance between dispersed impermeable platelets is larger than the platelet radius, while Cussler model describes the permeation behavior within the semi-dilute region, i.e. the distance between dispersed platelets is smaller or comparable with the radius of dispersed platelets. The permeability data were fitted to these two models using the aspect ratio for the fitting parameter as demonstrated in Oxygen permeability data for the three composite materials and PET control are summarized in Table 1 . Higher loadings of impermeable glass, combined with increasing glass domain aspect ratios resulted in, as expected, lower gas permeability. At 20 vol% Pglass, the oxygen permeability of PET was reduced 20x, intermediate between the 50-fold reduction that we previously reported for maleated polypropylene [2] , and the 6-fold reduction recently reported for ethylenevinyl alcohol/Pglass (EVOH/Pglass) composites [25] . We postulate that two factors bear on the overall barrier property enhancement: the degree of interaction between matrix polymer and Pglass enhances orientation and increases the glass aspect ratios that can be obtained; and interactions between glass and matrix can disrupt The results of the tensile testing of 3x3 oriented films are summarized in Table 2 and Figure 5 . Young's modulus values increased monotonically with glass content; ductility decreased in a similar manner. The observed behavior is typical of much inorganically-reinforced polymers. The macroscopic properties of composite material are affected by factors including interfacial adhesion, shape and orientation of dispersed phase [27] . In the present study, the tendency for Pglass filler to agglomerate was avoided by using PET-SIPE as a compatibilizer, and hence, a good degree of reinforcement, without catastrophic loss of ductility was obtained. At the upper limit of filler, 20%, the modulus of the PET matrix was doubled -this is a noticeable change in stiffness, yet not so stiff to prevent its use as a moldable/drapable packaging film. The composite is readily drawn; it would be extremely interesting to blow mold these compositions into bottles/jars, likely leading to improved shelf-life packaging, with novel morphologies. 
Supplementary information -Differential scanning calorimetry
Differential scanning calorimetry was applied to investigate the influences of Pglass and PET-SIPE on PET matrix. Figure S1 presents the thermograms of samples before orientation. Both the heating and cooling rates were 10° C min -1 .
Figure S1. Second heating cycle of Pglass composites before biaxial orientation
The incorporation of sodium 5-sulfoisophthalate (SIPE) in the backbone of PET-SIPE resulted in a polymer chain stiffer than regular PET, analogous to the addition of isophthalate into PET, and thought to result from hindered rotations around the meta-isomer [21] . Thus in the thermogram PET-SIPE showed a glass transition temperature higher than regular PET, the cold crystallization temperature of PET-SIPE was also about 10° C higher than that of PET. By blending PET-SIPE with PET, transesterification helped to form a uniform single phase system, and Tg dropped by a small amount. Only one Tg observed in the thermogram also indicated good compatibility between regular PET and PET-SIPE. There was a significant drop of cold crystallization temperature when blending PET-SIPE with regular PET; the reasons for this drop are not yet understood. Heterogeneous nucleation may have occurred when Pglass was added to the system, helping to reduce Tcc by about 4° C. For 10 volume% and 20 volume% Pglass, the amount of Pglass was large enough to form an endotherm peak at around 60° C, indicated by the red arrow, while for composite with 5 vol% Pglass content, the peak is not identifiable because the Pglass content was relatively low.
Figure S2. Second heating cycle of Pglass composites after orientation
In Figure S2 , the thermograms for samples after biaxial orientation are given. The oriented films exhibit a cold crystallization temperature much lower (around 100° C) than those prior to orientation (around 132° C). Our hypothesis is that the films were stretched uniaxially first, and then turned 90 degrees for the second orientation, the first stretch would provide the film with a uniform molecular orientation to a certain extent, which was not fully compensated by the following second stretch, so the result is that the molecule was more uniformly oriented than before, result in a lowered cold crystallization temperature. The enthalpy of cold crystallization decreased when Pglass was introduced into the system, indicating that the Pglass was retarding the crystallization, same conclusion was also found in other literatures [26] .
